The photodissociation and photochemistry of V + (H 2 O) n , n = 1-4, was studied in the 360-680 nm region in a Fourier transform ion cyclotron resonance mass spectrometer. The light of a high pressure mercury arc lamp was filtered with band pass filters, with center wavelengths from 360 to 680 nm in steps of 20 nm. The bandwidth of the filters, defined as full width at half maximum, was 10 nm. Photodissociation channels are loss of water molecules, as well as loss of atomic or molecular hydrogen, which may be accompanied by loss of water molecules. The most intense absorptions are red shifted with increasing hydration. Theoretical spectra are calculated with time dependent density functional theory. Calculations reproduce all features of the experimental spectra, including the red shift with increasing hydration shell and the overall pattern of strong and weak absorptions. 
Introduction
Hydrated singly-charged metal ions M + (H 2 O) n in the gas phase are interesting model systems for reactions of transient species in aqueous media [1] . Their properties have been investigated in considerable detail, with a wide range of experimental techniques, as reviewed recently [2] [3] [4] [5] [6] [7] . Photodissociation in the O-H stretch region of the infrared, often coupled with tagging with a weakly bound species like Ar, is the most widely used spectroscopic method [8] [9] [10] [11] [12] [13] [14] [15] were characterized with infrared spectroscopy by Duncan and coworkers. For V + (H 2 O) n , n ≤ 8, a square-planar configuration was observed by Ohashi and coworkers, with four water molecules directly coordinated to V + [13] . Three H 2 O were found to be coordinated to V + in a T-shaped arrangement [13] . Photodissociation of hydrated monovalent transition metal ions with electronic excitation of the metal center leads to loss of water [16] [17] [18] [19] [20] , which is accompanied by water activation and loss of atomic hydrogen for Fe was observed at 629.7 nm [20] . For neutral V, spontaneous insertion of the metal into the O-H bond to form HVOH was observed in matrix isolation infrared spectra by Zhou et al. [21] . Broad-band photolysis with a high-pressure mercury arc lamp yields the bare oxide VO [21] . The potential energy surfaces of water activation by first-row transition metal ions were calculated in a series of papers by Ugalde and coworkers [22] [23] [24] [25] [26] , showing that the case of Fe + is a typical example of two-state-reactivity [27] . For V + , elimination of H 2 involves a curve crossing from the quintet to the triplet surface [24] . According to the calculated energies, the adiabatic threshold for H 2 [28] , and in all cases report that the structure of the studied species is a central metal ion with up to four solvating intact water molecules. For vanadium, black-body radiation induced dissociation studies of larger clusters showed that atomic and molecular hydrogen can be eliminated with low activation energies from V + (H 2 O) n , with n = 9-12 for atomic and n = 9-23 for molecular hydrogen [29] .
To learn more about the electronic states and water activation pathways of hydrated monovalent vanadium ions, we investigated the photodissociation and photochemistry of V + (H 2 O) n , n = 1-4, in the 360-680 nm region. Williams and coworkers routinely perform infrared spectroscopy of large ionic water clusters in a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer, employing a cooled cell [30] [31] [32] [33] and an infrared OPO [34] . Freiser and coworkers have shown that high-power lamps together with a monochromator or bandpass filters are ideally suited to conduct photodissociation experiments with transition metal complexes in an FT-ICR mass spectrometer [35] [36] [37] . Here, mass selected V + (H 2 O) n , n = 1-4, which are trapped in an FT-ICR mass spectrometer at room temperature, are irradiated with the light of a high-pressure mercury arc lamp filtered by narrow bandpass filters. Experimental spectra are compared with theoretical spectra calculated by time-dependent density functional theory.
Experimental and computational details
The experiments are performed on a modified Bruker/Spectrospin CMS47X FT-ICR mass spectrometer, described in detail before [38] [39] [40] . Hydrated vanadium ions are produced by laser vaporization [41] [42] [43] of a solid vanadium disc, followed by supersonic expansion of the hot plasma in helium seeded with water vapor [29, 39] . The ions are transferred with an electrostatic lens system to the ultra-high vacuum region of the mass spectrometer, where they are stored in the ICR cell at a pressure of typically 1·10 -10 mbar. After the supersonic expansion, the cluster ions have vibrational temperatures below 100 K. In the ICR cell, they are exposed to room temperature black-body radiation [44, 45] , gradually heating the clusters to a vibrational temperature around 300 K. Light from a high-pressure mercury arc lamp (LEJ LQ-HXP 120-3) is guided with a liquid light guide to the rear end of the magnet, where it is collimated with a set of lenses and passed into the vacuum system through a glass viewport (Varian "Zero-Length", 7056 kodial glass). An internal wide-bandpass filter confines the lamp spectrum to 350-700 nm. To measure photodissociation spectra, external band-pass interference filters (Thorlabs) with a bandwidth of 10 nm full-width at half-maximum (FWHM) are used, covering center wavelengths from 360 to 680 nm in steps of 20 nm. The spectrum of the light was measured after the liquid light guide and the filters with a CCD-array spectrometer (i-trometer TM 02, B&W Tek, Inc.) with a resolution of 2.5 nm. Figure 1 shows the spectrum of the lamp without (a) and with 10 nm bandwidth filters (b). The irradiation of the ions in the ICR cell is switched on and off with a fast internal shutter of the lamp, which is controlled from the APEX III data station of the ICR instrument. To determine the photon flux inside the ICR cell, the power was measured with a stabilized thermal power sensor (Thorlabs S302C).
Only those absorption events that lead to photodissociation are detected by our experiment, while fluorescence or phosphorescence are dark channels. The total photodissociation cross section σ is derived from the intensities of the reactant ion I 0 and the n product ions I i , i = 1 -n, after irradiation for a time t with a photon flux Φ:
The photon flux was measured outside the ICR cell. Any change in alignment of the liquid light guide may have a substantial effect on the photon flux inside the ICR cell. As a consequence of the uncertainty in photon flux, we estimate the uncertainty of relative as well as absolute total photodissociation cross sections to 30%. The contributions of the different photodissociation channels to the total cross section, however, are very reliable. Electronic absorption spectra are calculated by timedependent density functional theory with the B3LYP method and the 6-31+G(d) basis set for hydrogen and oxygen, and 6-311+G(2df) basis set for vanadium. The minimum structures reported by Ohashi and coworkers [13] were used as starting points for geometry optimizations. The local minimum character of the optimized structures was verified by frequency calculations. Electronic absorption spectra were calculated on the optimized geometries of the ground state as vertical excitation energies. All quantum chemical calculations were performed with Gaussian 09 [46] .
Results
Three different experiments were performed for each cluster size V + (H 2 O) n , n = 1-4. First, the mass selected ion was irradiated with the 350-700 nm "white" light of the lamp for different irradiation times, to learn whether the cluster undergoes any photochemical reaction at all. Second, the photodissociation spectrum of the mass selected cluster was measured with the 17 different available interference filters, with two to three different irradiation times. Third, at the wavelength with the highest photodissociation product yield, the kinetics of the photodissociation was investigated to check whether the observed photofragments are primary or secondary. In this case, mass selection was complete, so that the interference from larger clusters discussed above does not occur for this cluster size. The measured spectrum, shown in Fig. 4 ,a, exhibits the calculated features, Fig. 4 ,b. The most intense absorption is measured at 360 nm, at the blue end of the investigated spectral range, and it is conceivable that it is only the onset of an intense, broad peak in the UV. Weak absorptions are detected up to 640 nm, with a clear maximum at 480 nm, shifted by 60 nm from the calculated local absorption maximum at 420 nm. H and H 2 elimination contribute 5% and 20% to the spectral intensity at 360 nm, but their contribution vanishes below the noise level above 480 nm.
The photodissociation kinetics at 360 nm, Fig. 5 2 is converted to a reactive one. We assume that the initially cold clusters, with vibrational temperatures from the supersonic expansion well below 100 K, show narrow absorption lines and therefore weak overlap with the irradiated broad-band light. After exposure to room temperature black-body radiation [44, 45] , the clusters reach vibrational temperatures around 300 K, and the absorptions broaden. As soon as the clusters are in thermal equilibrium with the environment, the kinetics is first-order. Since the conversion of the photofragment intensities to spectral absorption cross section assumes true first-order behavior, the absolute cross sections as well as the relative intensities in the optical spectra are not fully reliable. 2 are observed, corresponding to the loss of H and one or zero H 2 O, respectively. In the experimental spectrum, Fig. 6 ,a, the three different photochemical channels exhibit a strong maximum at 400 nm, with two weaker maxima at 520 and 620 nm. The calculated spectrum, Fig. 6 ,b, exhibits similar features, reproducing the relative intensities of strong and weak ab- Fitting the photodissociation kinetics at 400 nm again requires an induction period, which is considerably shorter than for n = 2. This supports the interpretation that the induction period is caused by equilibration of the clusters with the room temperature black-body radiation environment. The kinetics again confirms the primary product character of the water and H 2 loss channels, while H elimination was too weak to be included into the kinetics. V + (H 2 O) 4 . With white light, photodissociation leads to loss of two to four water molecules from V + (H 2 O) 4 after 4 s irradiation. In contrast to the n = 2 and n = 3 cases, however, loss of a hydrogen atom is more abundant than loss of molecular H 2 . Thermochemically, H 2 loss is favored over H loss, since it is accompanied by loss of one to three H 2 O molecules, with a maximum at two H 2 O, while H atom loss is accompanied by loss of zero to two H 2 O, with a maximum at one H 2 O. The experimental spectrum, shown in Fig. 7 ,a, reveals that H loss is more abundant than H 2 loss over the whole spectrum, but pure H 2 O loss dominates at all wavelengths. The spectrum exhibits a pronounced maximum at 460 nm, with a second clear maximum at 400 nm. Towards the red end of the spectrum, the intensity drops sharply from the 460 nm maximum down to a plateau at 520 nm. Further intensity drops are observed at 580 and 620 nm. But even at 680 nm, the longest wavelength investigated, light-induced loss of H 2 O is clearly detected. The calculated spectrum, Fig. 7 ,b, again reproduces the measured intensity pattern very well, but the transitions around 440 and 480 nm seem closer together in the experiment. With more densely spaced filters, the two peaks might be resolved.
The photodissociation kinetics at 440 nm exhibits a very short induction period, in line with the thermalization argument. The kinetics confirms the primary product character of the water and H loss channels. Here the intensity of H 2 elimination products was too weak to be included in the kinetics.
Discussion
In the bare V + ion, the allowed 3d It is tempting to say that water activation with H or H 2 loss occurs only after excitation into a V + 4p orbital. The signal-to-noise ratio, however, at the weaker transitions is such that the contributions of these minor reaction channels may lie below the noise level. Very interesting is the undoubted fact that H elimination is dominant for n = 4. With activation by black-body radiation, H elimination was observed only in a very narrow size range of V + (H 2 O) n , n = 9-12 [29] . It will be very interesting to study the photodissociation spectra for n = 5-12, because the spectral characteristics of the H elimination channel may eventually lead to an explanation of this intriguing behavior.
Conclusion and outlook
With a high-pressure mercury arc lamp and bandpass filters, it is possible to acquire photodissociation spectra of hydrated ions with a decent signal-to-noise ratio and a dynamic range of three orders of magnitude in an FT-ICR mass spectrometer. V + (H 2 O) n , n = 1-4, show a characteristic photochemistry. The strongest absorption is derived from the 3d 3 ( 3 F)4p ← 3d 4 transition of the atomic ion.
This transition is progressively red-shifted with increasing solvent shell. Theoretical spectra calculated with timedependent density functional theory agree very well with experiment, and reproduce all the strong and weak absorption maxima, with deviations of 20 nm or less. These first results are encouraging, but there is, of course, room for improvement. In future studies, a filter set with a spacing of 10 nm should be used. A tungsten halogen lamp should be superior to the high-pressure mercury arc lamp, since its light has a smoother intensity distribution, reducing the risk of distortions of the spectra due to local intensity maxima of the lamp. For larger clusters, the rate of black-body radiation induced dissociation should be reduced by cooling the environment. Quantitative absorption cross sections are only reliable if the induction period is over before illumination starts, so that the photochemical reaction kinetics exhibits true first-order behavior.
